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Introduction
The urgent need to improve energy conversion and storage efficiency continues to attract tremendous attention. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] One consensus identified in this field is the need to develop lightweight, wearable, low-cost and high performance supercapacitors. [14] [15] [16] [17] A variety of materials have been explored to fabricate supercapacitor electrodes and have achieved promising performance. Particularly, graphene and its derivatives have demonstrated versatile feasibility for use in supercapacitor electrodes. [18] [19] [20] [21] [22] [23] [24] [25] [26] Graphene possesses outstanding physical and chemical properties, including high electrical conductivity and specific surface area, and therefore has been widely investigated as an electrode material for energy storage. 27 One approach that has been previously used to assemble graphene into a practical architecture is the production of long thin fibres or ribbons with controlled structures. 15, 16, [28] [29] [30] [31] [32] This method allows the translation of the beneficial properties of graphene, such as the high electrical conductivity and mechanical properties, into a macroscopic structure that better facilitates realworld applications. The methods previously exploited to achieve this goal include wet spinning of graphene oxide (GO) fibres, 15, 28, 33, 34 encapsulation of GO suspensions into a pipe-like template structure to direct assembly, 29, 35, 36 and production of long flat ribbon-like structures from GO by modifying the wet spinning conditions. 37 Notably these previously used methods typically rely on the use of GO suspensions which can ultimately hinder the properties of the resulting macroscopic assembly.
A wide variety of methods have been developed to prepare graphene and its derivatives since its discovery. [38] [39] [40] [41] For example, the growth of graphene by chemical vapour deposition (CVD) on metallic catalysts has been the most popular strategy to meet the requirement of larger size and higher quality. Chemically intercalated and exfoliated GO has been the most commonly used precursor for further fabrication of reduced graphene or graphene-based composites. 42, 43 The functional groups in GO can not only strongly affect its mechanical, electronic, and electrochemical properties, 44 but can also provide multiple bonding sites for its processing and further derivatization. However, both CVD and GO-based chemical exfoliation methods are energy intensive and require large volumes of hazardous and toxic chemicals during the processing. Thus, alternative production methods should be investigated to avoid these issues.
Electrochemical exfoliation of graphite has continued to attract attention recently due to its fast and easy nature. 45 Various electrolyte solutions have been examined in the electrochemical exfoliation process to achieve graphene or graphene oxide flakes with greener methods, better quality and higher yields. 38, [46] [47] [48] [49] [50] However, for graphene's application in energy storage, additional conductive additives and polymer binders are typically needed for the fabrication of electrodes. These additives increase the cost and weight of the final assembled devices, and can also be detrimental to the energy and power density.
In this work, we present a one-step, green and facile method to directly fabricate macroscopic graphene fibres for use as electrodes in micro-supercapacitor applications, in which the electrodes are free of any additional additives or binders. Such fibre-like structures have previously been produced using a variety of techniques and shown to be promising for many different applications, but particularly for electrochemical energy storage. Aqueous ammonium persulfate (APS) was utilized as the electrolyte to electrochemically exfoliate thin strips of graphite foil. This process produced an expanded gallery of long thin graphene layers which we refer to as a graphene fibre (GF), and exhibited high electrochemical performance. This strategy not only greatly simplifies the process of fabricating graphene micro-supercapacitor electrodes but also provides a low-cost and scalable route for energy storage applications.
Experimental

Preparation of graphene fibres
Commercial graphite foil (Gee graphite Ltd.) with a thickness of 0.5 mm was cut into thin strips and used directly as the working electrode. The electrochemical process was carried out with a Pt mesh counter electrode and a DC power supply (BK PRECISION 1688B). A length of about 40 mm of the graphite foil was immersed into aqueous ammonium persulphate (0.1 M, ≥98%, Aldrich) electrolyte and a constant voltage (2.5 V) was applied for several minutes. The products were washed with water and named as GFx (where x refer to the minutes number of exfoliation time, e.g. GF0 refers to the pristine graphite). The fibre was observed to expand to ~1 mm (~100 % increase) after 90 minutes of the exfoliation process, but reduces back to ~ 0.8 mm after drying.
Fabrication of solid-state supercapacitor devices
For the production of the solid-state devices a gel electrolyte (H3PO4/PVA) was prepared by mixing 1.0 g H3PO4 (≥99.999 %, Aldrich) and 1.0 g PVA (poly(vinyl alcohol, Mw =89 000-98000, 99+ % hydrolysed, Aldrich) in 10 mL deionized water and heated at 85 C˚ for 1 h under vigorous stirring. Afterward, 100 µL of the H3PO4/PVA gel electrolyte was carefully drop-cast onto two parallel GF90 fibres on a supporting substrate.
Electrochemical measurements
For half-cell tests, three electrodes set up in 1.0 M H2SO4 aqueous solution were used, with Pt mesh and Ag/AgCl electrode as the counter and reference electrode, respectively. All electrochemical tests were carried out using a COMPACTSTAT.h electrochemical workstation 
Where I is the applied working current, is the scan rate (mV•s -1 ), ∆ represents the discharge time and ∆V is the voltage range, and I(V) is the voltammetric discharge current (mA). For the three-electrode tests, A is the surface area of the electrode and V is the volume of the electrode.
For the supercapacitor device, A and V refer to the total surface area (cm 2 ) of two electrodes and total volume of two electrodes, respectively.
Characterization
The morphology of the exfoliated graphene fibres was characterized using a scanning electron microscope (SEM, Philips XL30 FEGSEM) and transmission electron microscope (TEM, FEI Technai G2 20). Raman spectra were obtained by using a Raman spectrometer (inVia, Renishaw) equipped with a 532 nm (2.33 eV) laser. The Raman mapping was performed with a step of 5 μm with a ×50 objective. Crystal structure of the samples was investigated by Xray diffraction (XRD) with a PANalytical X'Pert Pro X'Celerator diffractometer. Surface area measurements (BET nitrogen adsorption isotherms) were carried out using a Quantachrome Quadrasorb SI instrument. ) and water intercalate in between the graphite layers; (iii) the further reduction of SO4 2-and electrolysis of water produces gas that expands the interlayer distance. 38, 51 With a continuous exfoliation process, the surface layer spacing expands and swells and this provides the channel for the electrolyte to access to the inner layers, yielding further exfoliation. But due to the simultaneous occurrence of oxidization, the edges can become curled and exfoliated more quickly than the expanding of the interlayers, i.e., the fibre can be exfoliated into thin graphene layers on the edges and maintain their connection to the inner graphite core, forming a coaxial structure. Additionally, optical images of the products are shown in Figure S2 depicting the free-standing fibre-like structure.
Results and Discussion
The exfoliation process was further investigated by Raman spectroscopy. The GF0 in Figure   3 (a) shows the typical Raman spectrum of graphite, with two characteristic peaks, one at 1580 cm -1 (G peak) and the other at 2714 cm -1 (2D peak). As seen in Figure 3 (a) increasing the exfoliation time results in a notable increase of the D peak intensity at around 1350 cm -1 . The presence of defects or disorder influences the intensity of D band, indicating a reduction of the crystallite grain size. [52] [53] [54] From the related SEM images shown previously in Figure 2 , we can infer that continuous expansion causes the edges to curl, along with the increase of the number of edges, this contributes to the increase of the D band intensity. In addition, the two-phonon defect-assisted processes leads to the presence of a D+D' peak at ~2950 cm -1 , as observed in both GF90 and GF120. 53 XRD characterisation was further carried out and also indicated that graphene was produced during the exfoliation process ( Figure S3 ). Additionally, nitrogen (N) doping caused by the presence of the ammonium radical in the electrolyte during exfoliation can also have an influence on the electrochemical properties. XPS analysis was used to quantify the content and doping type of nitrogen ( Figure S4 ), the content of nitrogen in GF90 and found it to be ~1.1 at.% ( Figure S5 ).
Raman mapping was carried out to investigate the structural coherence of the fibres. Raman line mapping (scanning across the fibre) was performed and Figure 3(b) shows the distribution of G peak positions and ratios of Ig/Id for each sample. With increased exfoliation time Ig/Id decreased and the G peak was red-shifted. This matched well with the SEM images, demonstrating a transition from graphite to graphene and a higher defect density due to Ndoping as reaction time increase. In addition, the distribution was narrower when the exfoliation time increased, indicating a more homogenous surface morphology of the fibre.
Brunauer-Emmett-Teller (BET) surface area analysis was carried out to further investigate the evolution of the GF structure. As shown in Figure 3 structure. The mesopore distribution of the GF60, GF90 and GF120 is in the range of 3-5 nm.
In addition, GF90 shows the richest mesopores content in Figure 3 (d) and a pronounced hysteretic step in Figure 3 (c), indicating a more complex pore geometry and related to the pore connectivity effects. 55, 56 To further analyse the characteristics of the individual graphene flakes a GF90 fibre was cut and sonicated in ethanol for 30 mins for TEM analysis to completely remove the outer graphene layers for analysis. As shown in Figure 3 (e), the wrinkled thin layers were uniformly distributed on the substrate. A magnified image in Figure 3 (f) reveals that the thin layers were partly restacked and wrinkled (the red circles highlight these wrinkles), which will not only maintain the three dimensional porous structure but also improve the conductivity of the fibre. The inset selected-area electron diffraction (SAED) of the thin layer shows the typical 6-fold symmetry of graphene. There are also extra spots nearby, and these can be related to the layer overlaps as highlighted in the red circles. Each of these characterization techniques supports that GF90 possesses a porous graphene nanostructure.
The electrochemical behaviour of different samples with increasing exfoliation time was evaluated by cyclic voltammetry (CV). Under a three-electrode system, their electrochemical performance is compared at a scan rate of 100 mV s -1 in Figure 4 (a). Compared to the initial graphite fibre (GF0), the area of the related CV curve of GRx increases with increasing exfoliation time, as expected due to the production of a three dimensional surface structure with increasing surface area. However, the capacitance decreased after exfoliation for prolonged periods (120 mins), likely due to a reduction in surface area due to pore collapse as discussed previously. To further investigate the electrode performance electrochemical impedance spectroscopy (EIS) is presented in Figure 4 (b). In the high-frequency region, the equivalent series resistance (ESR) of these graphene fibres was about 2.2 Ω and this remained constant regardless of the changing exfoliation time, indicating that the fibre structure has favourable ion accessibility. A significant increase of the diffusion resistance was observed in the low-frequency region and that may sufficiently explain the area decrease of GF120 compared with GF90 (seen in Figure 4(a) ). As discussed previously, excessive exfoliation damages the internal connection of the fibres and leads to the collapse of the honeycomb-like structure. The increase of diffusion resistance and decrease of surface area directly influences the electrochemical performance. The applied voltage and time period in the exfoliation process are two critical factors that greatly influence the resulting fibre structure and its electrochemical performance. Thus, it is necessary to optimize these factors in order to achieve the best possible device performance. Furthermore, the top inset in Figure 4b is the equivalent circuit used for fitting the EIS data of GF90. The fitted parameters for the circuit elements is shown in Table S1 . The solution resistance (Rs) describes the internal resistance of the electrode and the resistance of the electrolyte. The charge transfer resistance (Rct) represents the rate of redox reactions at the interface of the electrolyte and electrode. CPE is the constant phase element representing double layer capacitance.
We further investigated the half-cell performance of the GF90 by using a three-electrode system. The electrochemical behaviour was investigated and the cyclic voltammograms at different scan rates are shown in Figure S6 . To confirm the electrochemical properties of GF90, galvanostatic charge-discharge measurements were applied at current densities of 2, 4, 10, 20
and 40 mA•cm -2 in Figure 4 (c). The charge curves and their corresponding discharge curves were found to exhibit a typical symmetrical triangular shape without any obvious IR drop even at a higher current density, indicating low resistance and ideal double-layer capacitive behaviour. The specific areal capacitance (Ca) and specific volumetric capacitance (Cv) were calculated in Figure 4 (d). The CA of GF90 was ~247.6 mF•cm -2 at 2 mA•cm -2 , and decreased to ~153.8 mF•cm -2 at a higher current density of 40 mA•cm -2 . Moreover, the Cv of the CF90 ranges from ~10.0 to ~16.1 F•cm -3 when the current density increased from 2 to 40 mA•cm -1 .
Next, all-solid-state symmetric supercapacitor devices were fabricated by using two GF90
electrodes and a conducting gel electrolyte, as demonstrated previously. 50 The electrochemical behaviour of the solid-state device was first examined by CV measurements at scan rates ranging from 2 to 200 mV•s -1 , as seen in Figure 5 (a) and (b). A typical electrical double-layer capacitive feature with a nearly rectangular shape was observed at lower scan rates. The supercapacitor shows 96 % retention of its initial specific capacitance after 2400 cycles between 0 V and 0.8 V at a current density of ~3 mA•cm -2 . In addition, the coulombic efficiencies are ~ 97 %, with a high areal capacitance of ~45.2 mF• cm -2 ( Figure 5(c) ). This can also be confirmed by the charge-discharge curves in Figure S7 as there are no apparent changes even after thousands of cycles. The equivalent series resistance (ESR) of the device was calculated to be 21.6 Ω based on the IR drop in the charge-discharge curve at 4 mA•cm -2 ( Figure   S7 ). Both the capacitance retention and coulombic efficiency are superior to previously published related works. [57] [58] [59] The outstanding cycle stability and capacitance of the devices are likely related to the highly porous structure and high conductivity of the coaxial-like graphene fibre electrodes. The areal capacitance of the device was calculated as a function of scan rate from the CV results (black) and with increasing current density from the galvanostatic charge/discharge (red) and shown in Figure 5 The electrochemical performance of the solid-state device was also tested while undergoing mechanical bending, the capacitance retention was found to be 87.5% at 90° and 83.0% at 180°
( Figure S8 ). This indicates that such devices could be used in a variety of applications where flexible energy storage was required while undergoing mechanical deformation. Furthermore, the Nyquist plot of the fabricated all-solid-state device is shown in Figure S9 , this was found to be stable with little change in the plot after 2000 cycles.
When we compare the performance of these devices to those previously published, as shown in Table 1 , the GF90 device exhibits superior electrochemical performance and we can notice several key points. Firstly, the majority of previous works have fabricated fibre or ribbon electrodes by using graphene or GO powder as the precursor in a top-down method, and this is generally complex and time consuming. 57, [59] [60] [61] [62] The strategy presented in this work simplifies the process into just a single step. Furthermore, a pipe-like template structure is often needed to form the fibre, 29, 63 or a backbone supporting structure is needed, 36 or an additional current collector. 60, 64 The in-situ exfoliation method and self-supported structure presented here is not only low-cost but also exhibits a low ESR (2.4 Ω) by using the graphite core as the current collector in a coaxial-like structure. This ESR is lower than the previously demonstrated assembled reduced graphene oxide (rGO) electrodes by orders of magnitude. 28, 29, 65 Also, the electrochemical production of thin expanded graphene fibre electrodes demonstrates a comparable or improved electrochemical capacitance to these previous graphene-based works and even higher than the capacitance of graphene-polymer or graphene/metal-oxide composites electrodes, indicating applicability to a wide variety of energy storage applications.
Conclusions
We present a simple and easily scalable strategy to fabricate thin graphene fibre electrodes for high performance micro-supercapacitor applications. These graphene fibres consist of a graphite core and an exfoliated graphene sheath in a coaxial structure. This is a facile and lowcost top-down method to fabricate porous graphene fibre-like structures and is distinct from the widely used bottom-up processes which have used graphene oxide. This electrochemical exfoliation process also has the advantage of being free of any additional conductive additives, activated carbon, or binders. This simplicity allows the produced micro-supercapacitor devices to be easily scaled, and is limited only by the size of the graphite foil precursor. The areal capacitances of the graphene fibre were measured as ~247.6 mF•cm -2 at ~2 mA•cm -2 and ~70.6 mF•cm -2 at ~0.3 mA•cm -2 in a three-electrode system and a symmetrical solid-state supercapacitor, respectively. This represents a significant improvement over the values presented previously for most similar systems. Comparing with current commonly used methods, this work demonstrates a significantly simplified synthesis process, lower resistance, higher capacitance retention and coulombic efficiency, and ultrahigh specific capacitance. The excellent electrochemical performance can be attributed to the highly porous structure and good electronic conductivity and interconnectivity of the graphene sheets. This simple exfoliation method shows a significant improvement over wet-spinning of GO fibres presented previously both in terms of energy performance and simplicity of production. Finally, the machinable property of the precursor graphite foil opens up multiple applications, including flexible energy storage as demonstrated by the excellent performance of the solid-state supercapacitor device.
